The European bison is still an animal endangered with extinction, so by learning factors that regulate its reproduction, we can contribute to the survival of this species. On the other hand, autophagy is a dynamic, lisosomal, and evolutionary conserved process which is essential for animal cell survival, homeostasis, and differentiation. This process was demonstrated in many species and in many organs; however, information on the metabolic course of autophagy in the male reproductive system in seasonally reproducing species is lacking. Therefore, in this study, we examined for the first time several autophagy-related factors (mTOR, ULK1, Atg13, PI3K, beclin1, beclin2, Atg14, Atg5, Atg16L, LC3) in testicular and epididymal tissues obtained from adult male individuals of the European bison. We compared the level of gene expression, protein synthesis, and localization of autophagy-related factors between June, September, and December (before, during, and after reproductive activity, respectively). We confirmed that the induction of autophagy was at the highest level in the period after reproductive activity, i.e., in December, when a significant increase in the gene and protein expression was observed for the majority of these factors, probably to ensure cellular protection. However, autophagy was also clearly marked in September, during the intense spermatogenesis, and this may indicate a great demand for autophagy-related proteins required for the normal development of reproductive cells. Obtained results seem to confirm that autophagy pathway, as a consequence of seasonal reproduction, may control the normal course of spermatogenesis in the male European bison.
Introduction
The endangered European bison (Bison bonasus) is a seasonally breeding animal with a clearly marked increase in the reproductive activity at the turn of August and September. In the European bison, the seasonality of reproduction results from cyclical changes in the structure and activity of the testis and the epididymis, and indicates the presence of molecular mechanisms responsible for the stimulation of cell proliferation and the induction of spermatogenesis in the reproductive period. These processes are strictly regulated not only by a normal function of the hypothalamic-pituitary-gonadal axis, but it also was demonstrated that local mechanisms have a great impact on them (McGuire et al. 2011; Tabecka-Lonczynska et al. 2018b; Tabecka-Lonczynska et al. 2017) . The normally functioning male reproductive system produces wholesome reproductive cells spermatozoa, with Leydig and Sertoli cells involved in this process. Leydig cells stimulate the process of spermatogenesis and are responsible for the production of androgens, mainly testosterone, while Sertoli cells are responsible for providing nutrients, and for regulating proliferation and maturation of reproductive cells (Kim et al. 2010; Zirkin and Papadopoulos 2018) . When their functions are fulfilled, these cells are probably silenced, although the relevant molecular process has not yet been discovered. Interestingly, recent reports indicate the involvement of autophagy in seasonal reproduction (Gonzalez et al. 2018) .
Autophagy is an evolutionary conserved physiological process regulating cellular degradation by phagocytosis of cellular organelles and proteins (Levine and Klionsky 2004) . This multi-stage process takes place through sequestration of cytosolic material surrounded by double-lipid membranes, which is then degraded and digested (Bartsch et al. 2016) . It enables cell survival through recycling of nucleotides, as well as of amino acids and free fatty acids. They are re-used both for molecular synthesis and as ATP for energy generation (Zhang et al. 2012) . Molecular mechanisms of autophagy are strictly dependent on the autophagy-related genes (ATG genes), which were found to be conserved in mammals (Wen and Klionsky 2016; Yang and Klionsky 2010) . Autophagy is type II, while apoptosis is type I-programmed cell death. To date, some dependencies between autophagy and apoptosis were identified (Eisenberg-Lerner et al. 2009 ); however, this area needs to be further investigated. It was demonstrated that autophagy is responsible for cell differentiation, malignant proliferation, development, and homeostasis (Li et al. 2011; Mizushima and Levine 2010 ). Furthermore, it was shown that autophagy is a key process regulating testicular development (Huang and Li 2014) and spermatogenesis (Wang et al. 2014) ; however, exact mechanisms have not been proposed.
There are still many unknowns in this equation aiming to explain the seasonal reproductive activity of male European bison. The autophagy process seems to be of great importance, as a mechanism protecting the course of proper spermatogenesis. Thus, the aim of this study was to determine the exact course of subsequent stages of the autophagy pathway in the reproductive system of the male European bison before, during, and after breeding season. The understanding of the impact of autophagy on the regulation of reproductive processes may contribute to the European bison protection as a species threatened with extinction.
Materials and Methods

Animals and tissue collecting
Testicular and epididymal tissue fragments were collected from European bison (Bison bonasus, Linnaeus 1758) bulls aged 4 to 12 years (n = 6) and weighing from 500 to 650 kg. The samples from different animals were analyzed separately. Animals lived in Bialowieza National Park and Bialowieza Forest and were shot in the spine as a result of selective eliminations in the seasons of ing, and after the breeding period, respectively). The total time of formation of tribes takes about 2 months; therefore, it can be assumed that in June, the preparatory period for the spermatogenesis process begins. All procedures were conducted in accordance with the relevant animal welfare legislation provided for in the Polish law. For preservation of RNA and proteins, all tissues were snap frozen in liquid nitrogen (− 196°C ) and afterwards kept at − 80°C until further analyses.
RNA isolation, reverse transcription, and RT PCR analysis
The total RNA was extracted using the column-based kit (A&A Biotechnology, Gdynia, Poland) following the manufacturer's protocol. Biological repeats (n = 6) were carried out in triplicates. The DNAse treatment included in the kit was performed according to the instructions. The concentration of extracted total RNA was quantified using the NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA), and the RNA integrity was evaluated through the 1.0% agarose gel electrophoresis. Subsequently, cDNA was prepared from 1 μg of total RNA using High Capacity cDNA Reverse Transcription Kit as previously described (Tabecka-Lonczynska et al. 2017) . Afterwards, 1 ug RNA was diluted with sterile water and then mixed with 10 μl of master mix prepared freshly before use (2 μl of 10 × RT Buffer, 0.8 μl of 25 × dNTP Mix, 2 μl of 10 × RT Random Primers, 1 μl of Multiscribe Reverse Transcriptase, and 3.2 μl H 2 O). RT reactions were conducted in a Thermocycler (Biometra, Gőttingen, Germany) according to recommended conditions (25°C-10 min, 37°C-120 min, 85°C-5 min). Primers specific to ACTB (β-actin) and autophagy metabolic pathway genes: ULK1, mTOR, PI3K, beclin1 (BECN1), beclin2 (BECN2), Atg16L, and LC3, were commercially synthesized (Genomed, Warsaw, Poland). Primers for the genes: Table 1 .
Five microliters of the PCR master mix 2 × PCRTaqNova-RED (DNA Gdansk; Gdansk, Poland), 4 μl of primers (2 μl of each of the 1 μM forward and reverse primers) (Genomed; Warsaw, Poland), and 1 μl of cDNA (50 ng) in a volume of 10 μl were used in the PCR reactions. The PCR amplification was conducted for 35 cycles: denaturing at 95°C for 45 s, annealing at 53°C (ULK1), 53°C (mTOR), 53.5°C (PI3K), 52°C (BECN1), 56°C (BECN2), 53°C (ATG16), 52°C (LC3), or 55°C (ACTB) for 45 s, and extension at 72°C for 45 s, followed by the final extension at 72°C for 10 min. Then, the obtained PCR products were detected by gel electrophoresis in the 1% agarose gel stained with ethidium bromide. The GelQuantNET software was used to calculate the optical density of bands, and values were numerically expressed as the relative density. The expression levels of the target genes were determined in comparison to the expression level of ACTB, which was chosen as a reference gene on a basis of available literature (Schmidt et al. 2007 ).
Protein isolation and Western blot analysis
To determine the protein expression, equal amounts of frozen testicular and epididymal tissues (n = 6, in triplicates) were homogenized in 2% SDS (Sigma, Saint Louis, MO, USA) with the lysing matrix D (MP Biomedicals), using a highspeed benchtop homogenizer system FastPrep 24 MP (3 times for 20s in every cycle). The homogenates were clarified by centrifugation at 15,000g at 4°C for 15 min to obtain supernatants. Total protein contents were determined according to the BCA protein assay procedure (Thermo Scientific, Warsaw, Poland), using bovine serum albumin (BSA) (BioShop, Burlington, Canada) as a calibration standard. Furthermore, 30 μg of proteins were separated by 10% SDS-PAGE under reducing conditions, and the proteins were transferred onto a polyvinylidene difluoride membrane (Merck Millipore). Next, the membranes were washed, and nonspecific binding sites were blocked with 1% BSA in TBST buffer (20 mMTris-HCl pH 7.5, 137 mMNaCl, 0.1% Tween 20) at the room temperature (21°C) for 1 h, and then incubated overnight with the following primary antibodies: rabbit polyclonal against mTOR (1:1000; #PA534663, RRID: AB_2552015; Thermo Scientific), rabbit polyclonal against ULK1 (1:1000; #PA526126, RRID: AB_2543626; Thermo Scientific), rabbit polyclonal against Atg13 (1:1000; #PA526923, RRID: AB_2544423; Thermo Scientific), rabbit polyclonal against beclin1 (1:1000; #PA116857, RRID: AB_568459; Thermo Scientific), mouse monoclonal against beclin2 (1:500; #sc-7382, RRID: AB_626736; Santa Cruz), rabbit polyclonal against Atg14 (1:1000; #PA534972, RRID: AB_2552321; Thermo Scientific), rabbit polyclonal against Atg5 (1:1000; # PA5-23186, RRID: AB_2540712; Thermo Scientific), polyclonal rabbit against Atg16L1 (1:1000; #PA1-46307, RRID: AB_2059398; Thermo Scientific), polyclonal rabbit ag ainst L C3A/B (1:10 00, # PA1-1 693 1, RRID: AB_2137583; Thermo Scientific), or rabbit polyclonal against ACTB (1:10,000; #PA1-16889, RRID: AB_568434; Thermo Scientific), prepared in 1% BSA in TBST. Following incubation with the primary antibody, the membranes were washed with TBST four times for 5 min and incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies: anti-rabbit IgG (1:80,000; #A0545, RRID: AB_257896; Sigma), or anti-mouse IgG (1:80,000; #A9044, RRID: AB_258431; Sigma). The blots were visualized using the ECL Western Blotting kit (BioRad) and the Fusion Fx7 (Viber Lourant) system. The densitometric analysis was performed using the GelQuantNET software. The bands were quantified and normalized to their corresponding β-actin bands.
Immunohistochemistry
Immunohistochemistry of Atg13, Atg14, beclin1, and Atg5 proteins in the testis tissue was performed using a method described in the previous report, with some modifications (Tabecka-Lonczynska et al. 2017) . Tissue sections (4 μm) embedded in Paraplast Plus (Sigma Aldrich; Darmstadt, Germany) were placed on Super Frost® microscope slides (Menzel-Glaeser, Braunschweig, Germany); then retrieved by boiling in 0.01 M citrate buffer of pH 6.0 in a microwave oven at 700 W, 3 times for 5 min. After cooling to the room temperature, the sections were blocked in 1% BSA in PBST for 30 min. Next, the slides were incubated with the primary polyclonal rabbit anti-Atg13 (#PA526126, RRID: AB_2543626; Thermo Scientific), anti-Atg14 (#PA534972, RRID: AB_2552321; Thermo Scientific), anti-beclin1 (#PA116857, RRID: AB_568459; Thermo Scientific), and anti-Atg5 (# PA5-23186, RRID: AB_2540712; Thermo Scientific) antibodies (dilution 1:100, 1:500, 1:500, and 1:500; respectively) at 4°C, overnight. On the following day, the slides were rinsed and incubated with the anti-rabbit secondary antibody conjugated with HRP (horseradish peroxidase). After 1 h incubation in RT, the presence of the analyzed proteins was detected by DAKO Real EnVisoin-HRP System (Glostrup; Denmark). In a negative control, the primary antibody was replaced with PBST. The slides were dehydrated in a graded ethanol series, equilibrated in xylene, and mounted in DPX (Merck KGaA, Darmstadt, Germany). Digital images of minimum six testis sections were analyzed using the Olympus BX 43 microscope equipped with the soft cell Sens Dimention software and the public domain Image J software.
Statistical analysis
Statistical analyses were performed using GraphPadPism 6.0. All data is presented as the grand mean ± SD and analyzed with a one-way ANOVA followed by Dunnett's multiple comparison post hoc test in all quantifying analyses (RT PCR, Western blot, and immunohistochemistry). The differences were considered statistically significant at the 95% confidence level (p < 0.05) and are presented as: * , p < 0.05; * * , p < 0.01; * * * , and p < 0.001.
Results
Western blot, RT PCR, and immunohistochemistry analyses were conducted to evaluate the differences in the expression levels of proteins and genes related to autophagy in the testis and the epididymis of the adult European bison between June, September, and December.
The first factor deciding about the induction of autophagy is mTOR kinase, which acts as a sensor for cellular levels of energy compounds, growth factors, and nutrients. The analysis of mTOR protein synthesis (288 kDa) for both testis and epididymis revealed that it reached its highest level in September. This level in the testis was 11.366-fold higher than in June and 2.393-fold higher than in December (p < 0.01, p < 0.01, respectively). In epididymis, its values were 13.583-fold higher than in June and 5.636-fold than in December ( Fig. 1a;  Fig. 2 ). On the other hand, in the testis, mRNA gene expression for mTOR was more pronounced in June (3.018-fold) and December (2.553-fold) than in September (p < 0.001, p < 0.001; respectively) ( Fig. 3a, h) . At the same time, no differences in the mTOR gene expression were observed in the epididymis (p < 0.05) ( Fig. 3a, h) .
At the nucleation stage, ULK1 together with Atg13 initiate creation of autophagosomes, by modulating formation of insulating membranes. In testicular and epididymal tissues, the highest expression of ULK1 protein (116 kDa) synthesis was detected in December, when compared to June (p < 0.001), and was 10.044-fold higher. In the testis, the difference between June and September was also detectable, with 6.391fold higher level in September (p < 0.05). At the same time, no significant difference between June and September was noted in the epididymis (p > 0.05), but its 4.764-fold higher level was found in December versus June (p < 0.001) ( Fig. 1b; Fig.  2 ). The quantitative RT PCR analysis revealed that the level of ULK1 mRNA expression in the testis was 1.458-fold higher in September than in December (p < 0.05). In the epididymis, its expression level was higher in September, when compared to both June (5.076-fold) and December (8.361-fold) (p < 0.001; p < 0.001, respectively) ( Fig. 3b, h) .
The measurements of the Atg13 (65 kDa) protein level in the testis revealed that it reached its highest value in September, and was 3.427-fold higher than in June (p < 0.001) and 4.579-fold higher than in December (p < 0.001) ( Fig. 1c; Fig. 2 ). Atg13 protein, an essential protein for autophagy induction by the ULK1 complex, was found in all a n a l y s e d m o n t h s a n d c e l l s ( F i g . 4a, b, c, g) . Immunohistochemical results confirmed results obtained for the western blot, and in Sertoli cells demonstrated the highest level of the relative optical density in September, when compared to June (p < 0.001) and December (p < 0.001). In Leydig cells, the Atg13 level was significantly higher both in September (p < 0.001) and in December (p < 0.001), in relation to June (Fig. 4a, b, c, g) .
In the next stage, PI3K mediates the nucleation of vesicles. In the testis, the mRNA gene expression of PI3K did not show any changes during the analyzed periods (p > 0.05); however, in the epididymal tissues, the observed level was higher in September, when compared to June (4.664-fold) (p < 0.001) and December (5.689-fold) (p < 0.001) (Fig. 3c, h) .
Beclin1 (60 kDa) takes part in vesicle nucleation and was detected in the testis, with the highest level of that protein expression in December, when it was 2.972-fold higher than in June (p < 0.001) and 3.926-fold higher than in September (p < 0.001) ( Fig. 1d; Fig. 2 ). In the epididymis, the level of beclin1 protein expression did not differ between analyzed months (p > 0.05) ( Fig. 1d; Fig. 2 ), while the measured BECN1 gene expression in the testis was strongly increased in September, and its level was significantly higher than in June (1.489-fold) (p < 0.05) and December (1.462-fold) (p < 0.05) (Fig. 3d, h) . In testis cells, beclin1 was detectable in all analyzed periods with the highest values of the relative optical Fig. 1 a mTOR, b ULK1 , c Atg13, d beclin1, e Atg14, f beclin2, g Atg5, h Atg16L, i LC3, j NUP62 protein levels analyzed by Western blot technique in June (VI), September (IX), and December (XII) in European bison testis and epididymis. Bars indicate mean ± SD, n = min 6 per each period and tissue, ***p < 0.001, **p < 0.01, *p < 0.05; no indicationno statistical significance (p > 0.05) (one-way ANOVA with Dunnett's a posteriori test) density in September, versus June (p < 0.001) and December (p < 0.001) ( Fig. 4d, e, f, h) .
The level of Atg14 (60 kDa) protein, as a regulator of the autophagosome formation in the testis was characterized by the significantly elevated expression in September (6.214fold) (p < 0.001) and December (1.553-fold) (p < 0.05), in comparison to June (Fig. 1e; Fig. 2) . Similar results were observed in the epididymis, where the Atg14 protein expression was 1.35-fold higher in September (p < 0.05) and 6.7-fold higher in December (p < 0.001) than in June (Fig. 1e, Fig. 2 ).
Positive Atg14 staining was also localized in the testis in Sertoli and germ cells with its level higher in June and December, when compared to September (for Sertoli cells: p < 0.001 and p < 0.001, respectively, and for germ cells: p < 0.05 and p < 0.01, respectively). In Leydig cells, no differences were found in the localization of Atg14 between the periods (p > 0.05) (Fig. 5a, b, c, g) .
The beclin2 protein inhibits the activity of the beclin1 and PI3K complex. Its expression (26 kDa) in the testis was markedly elevated in December (2.224-fold) (p < 0.001), but also in September (p < 0.001), in relation to June (Fig. 1f; Fig. 2 ). In the epididymis, the statistically significant higher level of beclin2 expression was observed only in September, when compared to June, and it was 1.95-fold higher (p < 0.001) ( Fig. 1f; Fig. 2) . When analyzing the mRNA gene expression for BECN2 in testis, its level was higher in June, in comparison to September (2.053-fold) (p < 0.01) and December (1.534-fold) (p < 0.05) (Fig. 3e, h) .
Another protein that mediates the growth of autophagosomal vesicles is Atg5 (56 kDa), and in the testis, its expression level reached the highest values in September, with the observed level being 3.836-fold higher than in June (p < 0.001) and 6.51-fold higher than in December (p < 0.001) ( Fig. 1g; Fig. 2) . Also in the epididymis, the Atg5 level was the highest in September (5.78-fold higher than in June and 13.504-fold higher than in December) (p < 0.001, and p < 0.001, respectively) ( Fig. 1g; Fig. 2) . The significant presence of the Atg5 protein in germ and Leydig cells in September confirms the results obtained for the western blot while in Sertoli cells, the highest values of relative optical density were recorded in December, versus June (p < 0.05) ( Fig. 5d, e, f, h) .
At the same time, the expression level of the Atg16L protein (68 kDa), which is responsible for the extension of the membrane that isolates autophagosomic vesicles, was also the highest in December, both in the testis and the epididymis. The observed difference was 20.728-fold higher than in June (p < 0.001) and 5.954-fold higher than in September (p < 0.001) for testis and 12.277-fold higher than in June (p < 0.001) and 5.318-fold higher than in September (p < 0.001) for epididymis ( Fig. 1h; Fig. 2) . RT PCR results for ATG16L confirm results obtained for the western blot, and in the testis they were 1.788-fold more pronounced in September than in June (p < 0.01), while in the epididymis, in September, they were 2.548-fold higher versus June and 3.933-fold higher versus December (p < 0.001, p < 0.001; respectively) ( Fig. 3f, h) .
The LC3 protein is involved in the final stage of the autophagy process, and it participates in expanding of the autophagosome membrane. It has two forms: the cytoplasmic form (LC3-I; 19 kDa), that can be converted to the membrane form (LC3-II; 17 kDa), enabling evaluation of the autophagy level by the western blot (Fig. 1i, Fig. 2) . The LC3-II/LC3-I protein expression was significantly increased in the testis; and it was 2.439-fold higher in September and 1.222-fold Fig. 2 Representative Western blots of mTOR, ULK1, Atg13, beclin1, Atg14, beclin2, Atg5, Atg16L, LC3, NUP62, and β-actin proteins in European bison testis and epididymis in June (VI), September (IX), and December (XII) higher in December, in comparison to June (p < 0.05; p < 0.05, respectively). In the epididymis, the LC3-II/LC3-I protein expression ratio was characterized by the highest difference between June and September (2.805-fold higher in September) (p < 0.01), but a significant difference was also observed between June and December (2.748-fold higher in December) (p < 0.01) ( Fig. 1i; Fig. 2) . Moreover, in the testis, the results for the LC3 gene expression confirmed the results for the protein expression, where values obtained for September and December were significantly higher, when compared to June (4.935-fold, and 5.862-fold, respectively) (p < 0.001, p < 0.001, respectively). In the epididymis, no difference in LC3 gene expression levels was observed between the analyzed months (p < 0.05) ( Fig. 3 g, h) .
Nup62 protein (62 kDa) is a scaffolding protein enabling a transfer of ubiquitinated proteins into autophagosomes. In the testis, the Nup62 protein expression was significantly higher in June when compared to September (4.894-fold) (p < 0.05) and December (4.485-fold) (p < 0.05). In the epididymis, its level in September was 4.567-fold higher versus June (p < 0.001) and 2.579-fold higher versus December (p < 0.001) ( Fig. 1j; Fig. 2 ).
Discussion
In this study, we evaluated for the first time the role of the autophagy pathway in the control of seasonal reproduction in the male European bison, an animal with a strongly marked breeding seasonality, at the turn of August and the beginning of September (Tabecka-Lonczynska et al. 2017 ). We confirmed the induction of the autophagy process in both, the testis and the epididymis. By analyzing the metabolic pathway within the autophagy process, we observed the highest induction of autophagy in December, when the animal body was preparing for the "reproductive silence." Nevertheless, this process was also active to some degree in September, when intense spermatogenesis takes place. We showed a significant increase in the ULK1 kinase activity in the testis already at the nucleation stage, and this enzyme is a key regulator of the autophagy initiation (Wong et al. 2013) . The activation of the ULK1 complex suggests an activation of phagophores formation, especially after the period of reproductive activity (Kim et al. 2011) . At the phagophore forming stage, beclin1, Atg14 protein, and the PI3 kinase complex are also of crucial importance. The Atg14 protein is an essential factor affecting the autophagydependent phosphorylation of beclin1, but at the same time suppresses the PI3K phosphorylation by AMP-activated protein kinase (AMPK) (Fogel et al. 2013) . It was shown that overexpression of Atg14 enhances autophagic activity in mammals (Xiong et al. 2012) . In this study, we confirmed the upregulated expression of Atg14 both in September and December, and this may imply that this factor directly promotes autophagy in these months. The detailed analysis revealed a significant increase in the Atg14 localization in testicular germ and Sertoli cells. Atg14 is probably involved in the process of spermatogenesis inhibition, and it also may affect the interaction of these cells, and changes in their functions. The beclin1 protein expression in the testis was the Fig. 4 Immunolocalization and intensity of immunohistochemical reaction for Atg13 (a, b, c, g) and beclin1 (d, e, f, h) in the Leydig, Sertoli and germ cells of the European bison testis in June (VI), September (IX), and December (XII); negative controls are provided in the right upper corners; magnification of the objective lens (a, b, c, d, e, f) × 10, (a′, b′, c′, d′, e′, f′) × 20, (a″, b″, c″, d″, e″, f″) × 40. Bars indicate mean ± SD, n = 6, ***p < 0.001, **p < 0.01, *p < 0.05; no indication-no statistical significance highest in December. It can be assumed that this protein is of the greatest importance for formation of a preautophagosomal structure in the period after the most intense reproductive activity, i.e., in December. On the other hand, the study of Liu et al. (2016) showed that autophagy plays a positive role in maintaining and survival of the reproductive cells (Liu et al. 2016) . This may explain the noticeably raised beclin1 levels in Leydig, Sertoli, and germ cells in September. Furthermore, the activation of Atg12-Atg5-Atg16L complex e n a b l e s t h e f u s i o n b e t w e e n p h a g o p h o r e s a n d autophagosomes. This complex is released from the membrane just before or after its completion, so it is a good marker for the membrane isolation (Rubinsztein et al. 2012) . Both in the testis and the epididymis, the highest level of the Atg16L expression was again observed in December. The activation of the above mentioned complex acts then as a LC3 (microtubule-associated protein 1 light chain 3), and its conversion from LC3 I to LC3 II is an excellent marker of autophagy (He and Klionsky 2009; Marino et al. 2014 ). In the European bison testis and epididymis, we found the upregulated expression of LC3 protein in December. A higher level of the LC3 expression was also observed in the testis and the Fig. 5 Immunolocalization and intensity of immunohistochemical reaction for Atg14 (a, b, c, g) and Atg5 (d, e, f, h) in the Leydig, Sertoli, and germ cells of the European bison testis in June (VI), September (IX), and December (XII); negative controls are provided in the right upper corners; magnification of the objective lens (a, b, c, d, e, f) × 10, (a′, b′, c′, d′, e′, f′) × 20, (a″, b″, c″, d″, e″, f″) × 40. Bars indicate mean ± SD, n = 6, ***p < 0.001, **p < 0.01, *p < 0.05; no indication-no statistical significance epididymis in September; however, that difference was less pronounced. In studies in Lagostomus maximus, a seasonally breeding animal, reported by Gonzalez et al. (2018) , the autophagy activation similarly varies in a season-dependent manner. During the testis regression, mRNA and protein expression for LC3 and beclin1 decreases, while in the period of the testis enlargement and return to the reproductive activity, the mRNA and protein expression of beclin1 and LC3 increases (Gonzalez et al. 2018) . Thus, our results, showing the high LC3 protein level in the testis in September, confirmed the discussed involvement of autophagy in maintaining homeostasis during the period of intense reproductive activity. Moreover, in the research of Gonzalez et al. (2018) , a meaningful impact of the nutritional stress on the expression of autophagy-related genes was observed (Gonzalez et al. 2018) . On a basis of involvement of two autophagic regulators, beclin1 and LC3, in germ, Leydig and Sertoli cells, it was suggested that autophagy could be the alternative mechanism of cell death. It can therefore be assumed that this process enables elimination of damaged germ cells or the cytoplasmic surplus of spermatids during spermatogenesis (Gonzalez et al. 2018; Zhang et al. 2012) . Maintaining cellular homeostasis also means maintaining an appropriate level of energy through the degradation of components, depending on the actual demand (Kim and Lee 2014) . The study of Pang et al. (2018) on prepubertal sheep test is showed that energy restriction resulted in the activation of autophagy through an increase in beclin1 and LC3 synthesis (Pang et al. 2018) . It was also found that with reduced availability of energy, the mRNA and protein expression for BAX/beclin2 increased (Pang et al. 2018) . These results can be compared with ours, where the spermatogenesis process in December is inhibited and energy is limited due to silencing of the reproductive activity. We confirmed that in the European bison, the beclin2 activation in December leads to activation of beclin1. It is highly likely that autophagy prepares cells for a change in their function, to save energy during the "reproductive silence." It must also be remembered that ambient temperatures during the breeding season are higher. Heat stress induces protein misfolding, denaturation, and aggregation in intracellular organelles , and by initiating autophagy those denatured proteins may regenerate some small-molecule substances (Son et al. 2011) . Then autophagolysosomes are formed (Mizushima 2005) . Autophagy may promote cell renewal, metabolism, and restoration of homeostasis in response to this type of cellular stress (Dokladny et al. 2015) . In immature boar Sertoli cells, heat stress induced autophagy in a timedependent manner, where the highest expression of LC3 was noted after 24 h (Bao et al. 2017) . On a basis of the results obtained in this study, we assume that heat stress can have some impact on the regulation of the seasonal activity of the European bison testes and the induction of autophagy in September.
Some of the factors that participate in the autophagy pathway are essential not only in autophagy, but they are very important for normal development of organs or tissues. In studies carried out in mice, it was demonstrated that Atg13 absence was manifested as growth retardation and myocardial growth defects in developing embryos (Kaizuka and Mizushima 2016) . In the European bison testis, upregulated expression of Atg13 in September can contribute to the normal development of reproductive cells, for which the demand is the highest during this period. Intense localization of Atg13 in testicular Leydig, Sertoli, and germ cells seems to confirm its high involvement in spermatogenesis. Likewise, mTOR (mammalian target of rapamycin) is an environmental sensor that can reverse autophagy (Tan and Miyamoto 2016) , but high levels of mTOR protein expression in September may suggest that a large amount of this protein is necessary for reproductive cells proliferation during the period of intense reproductive activity. It is known that mTOR kinase, assisted by amino acids and growth factors, affects the regulation of cell growth, transcription, translation, mRNA and ribosome formation, and proliferation (Huang and Fingar 2014; Mok et al. 2013) . It was previously demonstrated in mice that mTOR is needed to differentiate spermatogonia (Busada et al. 2015a; Busada et al. 2015b ). Also, the study by Sahin et al. (2018) suggested a role of the mTOR pathway in meiotic progress of male germ cells (Sahin et al. 2018) , and it was shown earlier that changes in the autophagy activity can affect steroid secretion by Leydig cells (Lin and Baehrecke 2015; Yang et al. 2017; Yi and Tang 1995) . On the basis of our results, we can suggest that high expression of Atg5 in the testis in September may be associated with spermatogenesis. Moreover, in the study on Sertoli cell-specific knockout of Atg5, subfertility due to the disorganized somniferous tubules and spermatozoa with malformed heads was observed. The obtained results revealed the role of autophagy in Sertoligerm cell communication by a proper formation of cytoskeleton and maintaining of the cytoplasmic cytoskeleton (Liu et al. 2016) . In our study, the increased presence of Atg5 in Leydig and germ cells of the testis may confirm a high demand for this factor during intense spermatogenesis in September. In addition, in September, when intense cell proliferation occurs in the testes during spermatogenesis, the level of Nup62 protein expression in the epididymis was upregulated. This protein is an important regulator of the course of autophagy, because it determines the aggregation of proteins formed during the autophagy process and autophagosomes formation (Strambio-De-Castillia et al. 2010) .
Concluding, the obtained results confirm that the autophagy process is a consequence of the European bison's seasonal reproduction, and therefore, can contribute to finding the cause of male infertility and an effective method for its prevention. However, it should be noted that the interpretation of the obtained results is highly hypothetical, because this report does not contain any evidence for the existence of the proposed mechanisms. The demonstrated changes in mRNA expression and protein synthesis of the autophagy signal pathway in testis and epididymis, however, seem to be important information confirming the involvement of this process in the proper course of the European bison reproductive function. They set a certain direction, which may be burdened with an error resulting from unforeseen changes in the course of biochemical and biological reactions
